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Abstract. Abundances of the isotopes of the refractory elements Ca, Fe, Co, and Ni in the galactic cosmic-ray
source are compared with corresponding abundances in solar-system matter. For the 12 nuclides considered,
relative abundances agree to within a factor of 2, and typically within 20~30%. In addition, comparisons of
cosmic-ray abundances with model calculations of supernova yields are used to argue that cosmic rays contain
contributions from stars with a broad range of masses. Based on these and other results we suggest that cosmic

rays probably represent a sample of contemporary interstellar matter, at least for refractory species.

INTRODUCTION

Over the past decade considerable progress has been
made in precisely determining the isotopic composition
of cosmic rays. Instruments on the Advanced Compo-
sition Explorer (ACE) and Ulysses missions have suc-
ceeded in resolving cosmic-ray isotopes up through the
iron group, and the large geometrical acceptance of the
Cosmic-Ray Isotope Spectrometer (CRIS) on ACE has
made possible abundance measurements of very rare nu-
clides, including the first isotope measurements in the
region Z > 28. Among the 80+ individual nuclides for
which abundances have been measured in cosmic rays ar-
riving near Earth, approximately one third are dominated
by primary nuclei, which are accelerated in the Galaxy
and have only relatively small contributions from sec-
ondary particles produced by fragmentation of heavier
species during passage through the interstellar medium.
For this subset of the observed nuclides it is possible to
infer the abundances in the source material from which
the particles were accelerated.

The increase in the number and precision of nuclidic
abundance determinations in the cosmic-ray source is
providing a new tool for studies of astrophysics in our
Galaxy. These data are yielding information on the stel-
lar sources in which the cosmic-ray material was synthe-
sized. In addition, they are providing a detailed determi-
nation of the isotopic make-up of a sample of material

which may be representative of the composition of con-
temporary interstellar matter.

OBSERVATIONS

The CRIS instrument [1] measures the charge, mass, and
energy of detected nuclei using multiple measurements
of dE /dx versus total energy made with stacks of silicon
solid state detectors. In addition, particle trajectories are
measured in a scintillating optical-fiber hodoscope to en-
able corrections for particle pathlengths through the sil-
icon detectors. The geometrical factor of the instrument,
~ 250 cm?sr, is large enough to obtain statistically sig-
nificant measurements of even relatively rare nuclides.
Figure 1 shows mass histograms obtained from CRIS
for elements from Li through Cu. The events included
in these histograms were selected to have ranges long
enough to penetrate into at least the third silicon detector
in the stack, yielding multiple mass measurements which
are required to be consistent. In addition, to obtain a data
set with particularly high resolution the events were re-
quired to have trajectories within 25° of the normal to the
detector surfaces. In this data set, which contains approx-
imately 30% of the particles collected, essentially all the
stable and long-lived isotopes up through the iron group
are resolved. For nuclides separated by 2 amu, including
the rare isotopes *6Ca, 48Ca, 37Co, °Co, 4Ni, $3Cu, and
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FIGURE 1

Cosmic-ray mass histograms from the Cosmic-Ray Isotope Spectrometer on ACE. Even and odd-Z elements are

shaded different colors for clarity. Ticks along the abscissa indicate integral masses, with one tick labeled for each element. Note

the logarithmic ordinate—the dynamic range in abundance show

85Cu, particles with more extreme angles of incidence
can also be used in the analysis, improving the statistical
accuracy for these species.

The isotopic compositions of individual elements are
derived from the relative areas of the isotope peaks in the
mass histograms by applying relatively small corrections
for differences in energy intervals and nuclear interaction
probabilities in the instrument. A different analysis pro-
cedure is used to obtain the relative abundances of the el-
ements, since energy intervals differ considerably for el-
ements when charges are not closely spaced. The energy
spectrum of each element is derived from the measured
count rates and live times, combined with calculated en-
ergy intervals, geometrical factors, interaction loss prob-
abilities, and detection efficiencies. Spectral shapes are
generally similar, particularly for elements dominated by
primary cosmic rays. Flux values are interpolated to a
common energy per nucleon within the measurement in-
tervals for the elements being compared. For the ele-
ments Ca, Fe, Co, and Ni considered here, an energy of
300 MeV/nucleon was used. The data analysis and the
derived cosmic-ray composition near Earth are discussed
more thoroughly in [2].

COSMIC-RAY SOURCE ABUNDANCES

In order to investigate the nucleosynthesis of cosmic-ray
source material we have selected nuclides which 1) have
relatively small contributions from secondary cosmic
rays produced by spallation reactions in the interstellar
medium and 2) are thought to have experienced minimal
fractionation relative to one another during cosmic-ray
injection and acceleration. The first requirement is sat-
isfied by Fe and species slightly heavier than Fe, since
abundances in this region are rapidly decreasing with
increasing mass so that there is relatively little mate-
rial that can fragment into a nuclide of interest. In ad-
dition, the extreme isotopes of calcium, “*Ca and “8Ca,
have small secondary contributions. These doubly-magic

nis > 10°.

nuclei have mass-to-charge ratios considerably different
from that of *5Fe, the most abundant nuclide that could
fragment into them. The large change of A/Z required to
produce these isotopes results in small production cross
sections.

To avoid the complications of needing to correct for
fractionation, our study focused on elements with low
first ionization potential (FIP) and high condensation
temperatures (low volatility). As has been extensively
discussed (e.g, [3] and references therein), the ratio of
cosmic-ray source elemental abundances to correspond-
ing abundances in solar-system material are relatively
constant for elements with FIP values less than about
9 eV, whereas higher-FIP elements are significantly de-
pleted in cosmic rays. The physical mechanism for this
fractionation is not conclusively established. Processes
controlled by volatility rather than FIP have been pro-
posed [3] and the general correlation of these two param-
eters makes it difficult to distinguish between these pos-
sibilities. Elements that are particularly volatile in spite
of low FIP values have been avoided in the present study
because of this uncertainty about how the elemental frac-
tionation occurs. The elements Ca, Fe, Co, and Ni have
both low FIP and low volatility, and thus should experi-
ence little, if any, fractionation relative to one another.

Source abundances can be reliably derived for the nu-
clides we are considering by taking advantage of the
large number of isotopes with masses 40 < A < 56 that
are dominated by secondary fragmentation products. Us-
ing a simple leaky-box model of the interstellar propa-
gation of cosmic rays and adjusting the escape length to
reproduce the observed abundances of such secondaries
we obtain estimates of the secondary contributions (gen-
erally small) to the nuclides for which source abundances
are to be derived. These calculations are described in de-
tail in [2].

The filled circles in Fig. 2 show the source composi-
tion derived from the CRIS observations, both as abun-
dances relative to 5Fe = | and as ratios to solar sys-
tem abundances [4]. In addition, source abundances re-
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FIGURE 2. Cosmic-ray source composition from ACE
(filled circles) and Ulysses (open circles). Cosmic-ray source
abundances for the set of refractory nuclides shown range over
nearly 4 orders of magnitude (upper panel), but in all cases are
consistent with solar-system abundances [4] to within better
than a factor of 2 (lower panel). For the ACE data the inner error
bars represent statistical uncertainties while the outer error bars
also incorporate estimates of systematic and propagation un-
certainties {2]. Ulysses uncertainties (not shown) are discussed
in [5, 6). '

ported from Ulysses for the isotopes of Mg, Si, Fe, and
Ni [5, 6] are plotted as the open circles. For normaliz-
ing the Ulysses abundances to 5Fe we have used the
source elemental ratios derived from HEAO-C2 obser-
vations [7]. In the cases where abundance measurements
are available from both ACE and Ulysses, the agree-
ment is generally quite good. Possible explanations of
the most significant differences (for 5Fe and 58Fe) have
been discussed in {2, 8]. CRIS also measures the isotopes
of the refractory elements Mg and Si [2], but we have not
yet performed propagation calculations that account for
secondary-nuclide abundances over the full charge range
9 <Z < 28 with the accuracy needed to take full advan-
tage of the small statistical uncertainties in the CRIS ob-
servations.

The nuclides we are considering have absolute abun-
dances ranging over a factor ~ 10%. However, the abun-
dance distribution is consistent with that found in solar
system material to better than a factor of 2 for all of these
nuclides, and typically within ~ 20-30%. This similarity
is particularly striking in view of the fact that the various
isotopes represented in Fig. 2 are thought to originate in
a diverse range of stellar environments. Table | summa-
rizes the nucleosynthesis processes and sites believed to

Table 1.
Major Nuclesynthetic Contributions®

Nucl.  Origin® Nucl. Origin®
Mg C, Ne 6Fe xSi, Ia

Mg C, Ne, He(s) 57Fe xSi, [a

Mg  C, Ne, He(s) 5%Fe He(s), nse-Ia-MCh
#31  x0, 0 *Co He(s), a, Ia, v
2981  Ne, xNe 58Ni a,Ia

30Si  Ne, xNe ONi @, He(s)

Ca x0,0 8INi  a, Ia-det, He(s)
®Ca  nse-Ta-MCh  ®Ni q, He(s)

*Fe Ia, xSi ®INi  He(s)

@ from Woosley & Weaver (1995)

b Abbreviations for processes & sites are as fol-
lows: C, O, Ne: quiescent burning of these ele-
ments; x0O, xNe, xSi: explosive burning of these
elements; He(s): s-process during core/shell He
burning; a: a-rich freeze out during SN II explo-
sion; Ia: SN Ia igniting at Chandrasehkar mass;
nse-Ia-MCh: inner n-rich regions of SN Ia ignit-
ing at Chandrasehkar mass; fa-det: SN Ia from
detonation at less than Chandrasehkar-mass; v:
neutrino process.

be major contributors to the individual nuclides found in
solar system material [9].

From the similarity between cosmic-ray source and
solar-system compositions one expects the same pro-
cesses to be important contributors to cosmic rays. How-
ever, the relative contributions of various nucleosynthetic
processes to solar-system and galactic cosmic-ray (GCR)
matter are not “universal”. For example, in our neighbor-
ing galaxies, the Large and Small Magellanic Clouds, it
has been found [10] that the contributions from Type Ia
supernovae are significantly greater than in the Milky
Way. Thus one can expect to obtain new insights into
the origin of cosmic rays and/or solar system material by
understanding the close correspondence of the composi-
tions of these two populations.

SUPERNOVA CONTRIBUTIONS TO
COSMIC RAYS

In massive stars, the production of most of the iron-group
material occurs during the final stages of hydrostatic stel-
lar evolution. The synthesis of these nuclides, for which
the binding energy per nucleon is maximum, marks the
exhaustion of a star’s nuclear fuel. The ensuing collapse
of the stellar core and its explosive rebound leads to fur-
ther alteration of abundances. Detailed numerical calcu-
lations have been carried out by two groups [9, 11] to
determine the composition of the material returned to
the interstellar medium in such core-collapse supernovae
(SN II) arising from a range of progenitor star masses.
For many nuclides very similar yields are reported



from these two investigations. However, for several nu-
clides of interest for this study there are important dif-
ferences. We have chosen to adopt the results from [9],
based on a detailed evaluation of the difference between
the two calculational approaches [12]. It must also be
recognized that massive-star models have not yet suc-
cessfully accounted for the supernova core bounce that
drives the explosive processing and ejection of mate-
rial. Instead explosions are artificially put into the cal-
culations, constrained by observed properties of SN II.
Until the physics of the explosions is adequately under-
stood, there remains the possibility of large errors in pre-
dicted yields, particularly in the iron-dominated stellar
layers close to the “mass cut” separating the matter that
is ejected from that which collapses into the remnant.

Important contributions of iron-group nuclides also
come from Type Ia supernovae (SN Ia), which are
thought to arise from the accretion of matter onto white
dwarf stars in binary systems and the subsequent nu-
clear deflagration/detonation. Numerical calculations of
these yields have also been reported [13]. However, the
detailed physics of the SN Ia explosion are not yet
firmly established, and various scenarios that have been
considered lead to significantly different nucleosynthe-
sis yields. For this study we have adopted the yields
of the widely-used “W7” model (see [13] and refer-
ences therein) as characteristic of the yields of low-mass
(M < 8My,) stars that evolve into white dwarves and ul-
timately explode as SN Ia.

To investigate the contributions of various supernova
types to the cosmic-ray source, we have compared the
cosmic-ray source abundances derived from the CRIS
data with the available supernova yield calculations.
These comparisons are shown in Fig. 3, where the
cosmic-ray source abundances are plotted as the hori-
zontal solid line with dotted lines indicating the +1c
uncertainty band. The SN II yields from various mass
progenitor stars are plotted as the open symbols and the
SN Ia yields as the filled symbol. For some ratios the
calculations can reproduce the cosmic-ray abundances
for a range of stellar masses. However, no single mass
can account for most of the nuclides shown. Thus, for
example, stars more massive than ~ 15 My can ac-
count for the observed *8Ni/56Fe, whereas to account for
$4Ni/>SFe requires stars less massive than this value. For
some species, most notably “8Ca, none of these super-
nova models can adequately reproduce the observations.

To obtain quantitative limits on the amount of material
that supernovae of various progenitor masses could have
contributed to the cosmic-ray source, we have considered
the effect of mixing material with the composition given
by each of the supernova models into a pool of material
from other sources. The ratio, by mass, of two nuclides
X and Y in the mixed material is

M) () My (1) p)y
Mi(Y) +M,(Y)

LX)+ (1=H-(X/Y)p. (2

Here the subscripts refer to the resulting mixed material,
m, the material from a particular supernova type, i, and
material from the pool, p, into which the supernova ma-
terial is being mixed. M;(Y) and M »(Y') are the masses of
nuclide ¥ in the two original populations, while (X/Y);
and (X/Y), are the abundance ratios by mass. The sym-
bol f=M;(Y)/ (M;(Y)+ M,(Y)) denotes the fraction of
nuclide ¥ in the mix that came from sources of type i.

If (X/Y); is larger than (X /Y),, then there is a max-
imum fraction of material from supernova type i that
could have been included in the mix without producing a
value of (X /Y ) exceeding that found in the cosmic-ray
source. This maximum is realized if nuclide X is absent
in the background material, (X/Y) p = 0. The resulting
upper limit on the fraction of nuclide ¥ from source i is
given by fmax = (X/Y)m/(X/Y);.

It should be noted that this approach is providing an
upper limit on the fractional contribution of a particular
supernova type to the overall abundance of Y, the nuclide
in the denominator of the ratio being considered. To
convert this value into a limit on the fraction of the fotal
mass contributed by the model (including all nuclides,
not just X and Y), one would need to know the fraction
by mass of nuclide Y in the material into which the
supernova ejecta are being mixed—this would require an
additional assumption about the nature of that material.

For illustration, we consider the ratio 3¥Ni/>6Fe. Since
the value of this abundance ratio expected from a super-
nova with a 11 M progenitor is approximately 5 times
the value in the cosmic-ray source (Fig. 3), this source
could have contributed no more than ~ 20% of the
cosmic-ray *°Fe. Figure 4 shows the upper limits derived
in this way for each stellar model. The limits are most
stringent for those models that produce S8Ni/*SFe with
the largest excesses over the cosmic-ray value. When the
cosmic-ray **Ni/*Fe ratio is greater than that obtained
from a given model, no constraint on the contribution of
that model to the 36Fe is obtained. (But one could obtain
a limit on the fractional contribution to 8Ni by consider-
ing the reciprocal ratio.)

Similar analyses can be done using the measured ra-
tios of the other isotopes relative to 35Fe. From each iso-
tope one obtains a set of upper limits on the amounts
of %Fe that could have been contributed by the various
mass stars. Applying the limits from all the isotopes to-
gether one obtains a more stringent set of upper limits,
with the amount of material from each stellar mass con-
strained by the most restrictive of the individual limits.
Figure 5 shows (open circles) the upper limits obtained

(X/V)m =



» T T 1 AL ALY Ul ¥ T "

§ tF | 3 10_4;...i ......... E 1 [ | ]
-~ F D 1t ! 1072F 3

o I ] I W 0.1 1 E. 3
° 3 lig 3 | ] = | 3 30F E
; 10—2 -F.I 40 é 10_6;' l 48 3- 10—2; I 54 : l 57 - : 58 ] ; l 59 ]
& Fo) 0 E TS RL s T AT Rl AT Rt
0 10203 0 102030 ©0 102030 O 102030 O 102030 0 10 20 30

0 Lo L 3 1 - 1
¢ i l ? o1k l J 1072 | { o1k | - 1
5o fele 1 Bl 3 Plaol bl
o 0.1 E _xteed Py _

o E l 31072k 410 S 3 10 25’ | 3

A [ ] | E ] M 1107 LT . 3
< 42 [ ] - 1 T 3
2 0 | sey; § 1073F | 60y 107 I 61§ 107°F I 62y 3 i ]
o I !l | 3 F L 1 3 9 'l i 3 : ,n 1 3 3

0 10 20 30 0 10 20 30 0

10 20 30 0 10 20 30 0 10 20 30

Progenitor Star Mass (Solar Masses)

FIGURE 3. Comparison of GCR source abundance ratios with calculated values for yields of supernovae from various masses of
progenitor star (filled circle: SN Ia [13]; open circles: SN II [9]). Cosmic-ray source values and their =t 1¢ uncertainties are shown
by the horizontal lines. The approximate mass boundary between low-mass stars that lead to SN Ia and high-mass stars that lead to

SN II is shown by the dashed lines.
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FIGURE 4. Limits on the maximum fraction of the GCR
36Fe that could have originated from supernovae of various
mass progenitor stars based on the observed >*Ni/>Fe ratio.

by requiring that none of the isotope ratios relative to
56Fe exceed their cosmic-ray values in the overall mix
of material. Of course, if there are significant errors in
the model calculations for a particular isotope, any upper
limit driven by this isotope would be invalidated. Fig-
ure 5 also shows the effect of allowing the violation of
the most restrictive one or two individual isotope limits
(open squares and triangles, respectively).
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FIGURE 5. Limits on the maximum fraction of the GCR
56Fe that could have originated from supernovae of various
mass progenitor stars given the derived GCR source abun-
dances for all the Ca, Fe, Co, and Ni isotopes studied. The
calculated upper limits take into account the 16 uncertainty in
the cosmic-ray source value, but no uncertainties in the nucle-
osynthesis models. Circles, squares, and triangles indicate the
limits obtained by disregarding the 0, 1, or 2 most restrictive
constraints, respectively. ’

DISCUSSION

The most notable feature of the combined upper limits
on the contributions of various mass stars to cosmic-ray



Source material (Fig. 5) is the fact that none of the star
types considered could be dominating the production of
this material. Since the abundance yields are a relatively
smooth function of the star’s mass (Fig. 3), we conclude
that the limits we derive apply not just to the discrete
masses for which yield calculations are available, but
also for ranges of stellar masses around these values.

The essential constraints we have on the nature of
the cosmic-ray source are its compositional similarity to
solar-system material and the fact that it apparently con-
tains significant contributions from a wide range of stel-
lar masses. One would expect such features if the cos-
mic rays were being accelerated out of the general pool
of interstellar matter, since the solar system condensed
from such a pool, albeit ~ 4.5 Gyr earlier. Furthermore,
the initial mass function (IMF) in the Galaxy is known to
have a relatively smooth dependence on stellar mass, and
the Galaxy is old enough that stellar birth and death rates
should be similar provided that the IMF has not changed
greatly over the past zon.

The suggestion that Supernova material gets well
mixed with interstellar matter before cosmic-ray accel-
eration occurs is supported by the observation that a time
210° yr elapses between nucleosynthesis and accelera-
tion [14], since this time is significantly longer than that
required for a supernova remnant to dissipate its energy
as it expands into matter of average interstellar density.

There remain uncertainties related to possible spatial
and temporal effects that could produce differences be-
tween the material being sampled by cosmic rays and
that found in the solar system. For example, the higher
density of stars toward the galactic center is thought to
be causing a more rapid evolution of the composition of
the ISM there. Whether this should affect the cosmic-ray
composition observed near Earth depends on poorly con-
strained aspects of cosmic-ray transport in the Galaxy.

It would also be of considerable interest to determine
whether models of galactic chemical evolution (GCE)
can account for the small amount of evolution of in-
terstellar abundances suggested by our comparison be-
tween solar-system and cosmic-ray material. Unforty-
nately, GCE studies generally have not been extended
to cover the time between solar-system formation and
the present, concentrating instead on evolution up to this
time. Furthermore, reports of GCE results have often
not included the abundances of individual nuclides that
would be needed to take advantage of observations such
as those shown in Fig. 2.

For reasons discussed above, the work on cosmic-ray
source composition presented here has concentrated on
refractory nuclides. A model accounting for the origin of
cosmic-ray source material must ultimately also address
the abundances of volatile species. The isotopic compo-
sition of the element neon remains a puzzle: the ratio
22Ne/®Ne in the cosmic-ray source exceeds the value

found in the Sun and inferred for the contemporary very
local interstellar medium by a factor ~ 5 ({15] and ref-
erences therein), so it appears difficult to fit this element
into the scenario we have discussed for the refractories.
A widely-discussed solution to this problem invokes spe-
cial sources (specifically, Wolf-Rayet stars) that would
dominate the production of ?2Ne in cosmic rays while not
greatly affecting the overall amount of this isotope being
contributed to the interstellar medium. It will be impor-
tant to take advantage of the detajled and precise cosmic-
ray source composition data now becoming available to
search for smaller isotopic differences predicted to be as-
sociated with the *2Ne anomaly.
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